Abstract. In this paper a technique to improve the common-mode rejection ratio (CMRR) at high frequencies in the OTA-C filters is proposed. The technique is applicable to most OTA-C filters using CMOS operational transconductance amplifiers (OTA) based on differential pairs. The presented analysis shows that a significant broadening of CMRR bandwidth can be achieved by using a differential pair with the bodies of transistors connected to AC ground, instead of using a pair with the bodies connected to the sources. The key advantages of the technique are: no increase in power consumption (except for an optional tuning circuit), a small increase of a chip area, a slight modification of the original filter. The simulation results for exemplary OTAs and a low-pass filter, designed in a 0.35 µm CMOS process, show the possibility of broadening the CMRR bandwidth several times.
Introduction
OTA-C filters are frequently used in mixed-signal systems on a chip (SoC) [1, 2] . These filters provide a necessary signal pre and post processing in a mixed analogue-digital environment, where the analogue signals have to be limited in frequency before and after the analogue to digital and digital to analogue conversions. Such an environment imposes extremely difficult working conditions for the analogue filters due to the presence of a high level, broadband noise generated by the digital sub-circuits. The digital noise, which propagates along a silicon substrate, can significantly degrade the dynamic range of the analogue filters [3, 4] . One of the most commonly used method to reduce the substrate noise interference is based on application of the fully-differential filters, capable of reducing the influence of the common-mode (CM) component of the noise. However, the effectiveness of the noise suppression by such filters is limited in magnitude and frequency. At low frequencies, the maximum attenuation is mainly limited by the degree of matching of the symmetrical signal paths. By careful design of such filters a relatively high attenuation (> 60 dB) can be achieved in this frequency range. At high frequencies, the filter working conditions further deteriorate because of the CMRR frequency response degradation [5, 6] , which typically occurs at frequencies greater than several MHz. The aforementioned problems cause a relatively poor attenuation of substrate noise with a frequency spectrum which may reach the GHz range.
The problem of CMRR bandwidth optimisation has not been widely analysed in the literature so far. There are just a few circuit proposals for broadening the CMRR frequency response, [7, 8] for differential amplifiers using bipolar junction transistors (BJT), and [9] for a CMOS technology. However, none of these proposals can improve CMRR at tens of mega hertz. To address this important problem a new technique to improve CMRR characteristic at high frequencies is proposed in this paper.
Most circuit designers are convinced that there is no significant difference in CMRR characteristic of the two configurations of a differential pair, with the transistor bodies connected to their sources or connected to AC ground. The analysis presented in this paper shows that the latter configuration, under certain conditions, allows substantial improvement of the CMRR bandwidth.
The remaining part of this paper is organized as follows. Section 2 presents an analysis and comparison of CMRR characteristic for two configurations of a differential pair, and explains the main idea of the proposed improvement technique. Section 3 discusses the application of the improvement technique to the OTA-C filters. The last two sections present simulation results and the final conclusions.
CMRR improvement technique

CMRR frequency characteristic of a differential pair.
In most cases a differential pair with the bodies of transistors connected to their sources (configuration BS) is used. To explain an important advantage of using the alternative configuration with the bodies connected to the AC ground (the configuration BG), the CMRR characteristic of both configurations are analysed and compared.
The analysis of CMRR of a differential pair has been carried out in [5, 6, 9] , however the differential pair in BG configuration with mismatched transistors has not been analysed in detail. Therefore, a general configuration shown in Fig. 1 is considered. Additionally, a low impedance load of the differential pair is assumed, which directly corresponds to a cascode or a folded cascode configuration. A small signal G. Blakiewicz Fig. 1 . Considered configuration of a differential pair model of such a circuit is depicted in Fig. 2 , where each transistor is represented by: the gate g m1 (2) and the body g mbs1(2) transconductances, the output conductance g ds1 (2) , and the internal capacitances C gs1(2) , C gd1(2) , C bs1 (2) . In further considerations, CMRR is defined for the CM input voltage v CM = (v G1 + v G2 ) /2 and the differential-mode (DM) output current i DDM = i D1 − i D2 , because this kind of rejection has the greatest impact on the substrate noise attenuation in mixed-signal systems. Based on the small-signal model, the differential output current I ddm (s) can be determined as
where
and for BS or g mbs1(2) =0 for the other case. C well represents the capacitance between the silicon substrate and the well where both transistors are located. In practical implementations of the differential pair there is always some degree of imbalance, due to technology variations, the mismatch of dimensions of the transistors, transistors non-linearity [10] , or the existence of an input offset voltage v G1 = v G2 [5] . To model such a situation it is assumed that the transistors M 1 and M 2 are mismatched, which is modelled by
The mismatch of the internal capacitances of the transistors is restricted to ∆C gd , because only capacitances C gd1 and C gd2 have the greatest influence on CMRR at low and medium frequencies [6] . The frequency characteristic of the differential output current (1) at this frequency range can be approximated by
where the expressions for A, ω z , and ω p are given in Table 1 for small mismatches between the transistors ∆g m /g m ≪ 1, ∆g ds /g ds ≪ 1, ∆C gd /C gd ≪ 1, and for a biasing current source of high resistance g ss ≪ g ds . As indicated by (4), the differential output current consists of two components, Table 1 Approximations of A, ωz, ωp for two configurations of the differential pair
Technique to improve CMRR at high frequencies in CMOS OTA-C filters I ddm1 (s) related to ∆g m , ∆g ds mismatches, and I ddm2 (s) associated with ∆C gd mismatch. The main component I ddm1 (s) has a single zero ω z and a pole ω p . The upper limit of CMRR at low frequencies is equal to g m /A, which is a ratio of the gains for DM and CM input signals. As shown in Table 1 (1 st row), this limit is almost the same for both considered configurations of the differential pair (η < 1), and it depends on ∆g m /g m and ∆g ds /g ds mismatches. The zero frequency ω z determines the -3dB drop of the CMRR frequency characteristic, because g m ≫ g ds and therefore ω p ≫ ω z (compare Table 1 , and [6] ). It is important to notice that for BG configuration, the zero frequency depends on the difference between C s and C i , and, as a result, can be shifted to high frequencies, if the following condition is satisfied
With (5) fulfilled, the degradation of CMRR at high frequencies can be significantly reduced. The exemplary characteristics of the components of the output current (4) are presented in Fig. 3 for both considered configurations, and with the condition (5) satisfied. In this figure the dashed lines refer to C gd1 = C gd2 case, whereas the solid lines represent a 1% mismatch (C gd2 = 1.01C gd1 ). The plots show that value of ∆C gd limits the location of the dominant zero ω z for the BG configuration. The BS configuration is almost insensitive to small mismatch ∆C gd , because the effect of the current I ddm2 (s) is masked by the effect of the zero ω z , which is located at relatively low frequency. The characteristics for BG configuration show that increasing of ω z can be achieved only if I ddm1 > I ddm2 . To estimate the significance of ∆C gd mismatch, let us consider typical requirements for VHF transconductors, namely: CMRR = 60 dB with ω z = 100 MHz [11] , and assume typical MOS transistor parameters C gd = 200 fF, g m = 550 µS for this frequency range. For this exemplary case,
In practical implementations of a differential pair the mismatch error, ∆C gd /C gd can be reduced to 0.05% [5] by careful design of a circuit layout using the commoncentroid technique. Therefore, as long as the required CMRR is limited to 60-70 dB with the bandwidth below a hundred of MHz, the ∆C gd mismatch has a much smaller impact in comparison to the dominant zero ω z . Fig. 3 . Frequency characteristics of components of the differential current given by (4) 2.2. Influence of CMOS process variation on CMRR of a differential pair in BG configuration. The CMRR improvement for a differential pair in the BG configuration relies on the fulfilment of (5). To examine the influence of the process variation on CMRR, a typical 0.35 µm CMOS process is considered. In Table 2 , and (η W P max − η T M )/η T M are also calculated for extremes of technology parameters, specified by the corners: WS -the worst case for a speed condition, and WP -the worst case for a power condition. Table 2 shows that for such corners, η may vary up to 25.3% (WP, V B = 1 V), whereas the Range of η tuning:
18.3% 20.9% 25.6%
a Calculated for n-channel MOS transistor with W = 50 µm, L = 1 µm, I D = 50 µA, v G = 1.65 V.
G. Blakiewicz minimum tuning range is 18.3% (WS). This means that variation of η can be only partially compensated with a residual error of 25% − 18.3%/2 = 15.6% in the worst case (WS). The realizable improvement of CMRR is also limited by tolerances of C s and C i . To determine this limit, the ratio IF of ω z for both configurations is calculated
[ω z ] BS -config.
where it is assumed that C i = C i0 + ∂C i , C s = C s0 + ∂C s , η = η 0 +∂η are actual values, and ∂C i , ∂C s , ∂η represent deviations from the nominal values, which are related by C i0 = η 0 C s0 (5). Using (6), one can easily determine that a 10% tolerance of the capacitances ∂C s /C s0 = ∂C i /C i0 = 0.1 leads to improvement of CMRR bandwidth equal to IF ∼ = 3.7 times for the BG configuration under an assumption of TM corner with ∂η/η 0 = 7.2%. If a tuning of η is additionally applied (∂η/η 0 → 0), the improvement increases to IF ∼ = 5 times.
For the worst case of the technology corners and applied tuning (∂η/η 0 = 15.6%), the improvement becomes IF ∼ = 2.8.
The above considerations show that for the typical mean (TM) case the CMRR bandwidth can be extended at least several times, even without tuning of η.
Application of the CMRR improvement technique to the OTA-C filters
3.1. Basic concept. The fulfillment of (5) requires that C i , the capacitance seen between the gate and source of M 1 or M 2 , was equal to C s /η, where C s is the capacitance between the common sources and ground. For typical CMOS technologies, η = 0.1...0.35, which means that C i ∼ = 3...10C s . Such a relation is not normally satisfied in designs of OTA, where C s ∼ = C i . To meet the required condition, additional capacitors C c must be connected between each gate and source in the input differential pair of OTA, as shown in Fig. 4 . As a result, the input differential capacitance of such a modified OTA increases by C c /2. The increased input capacitance is not a problem in most configurations of the OTA-C filters [5, 12, 13] , where OTAs are connected in cascade with their Fig. 4 . Basic concept of application of the CMRR improvement technique to the OTA-C filters outputs loaded by capacitors C k−1 , C k , . . ., as illustrated in Fig. 4 . In such topologies the OTAs with increased input capacitances can be effectively exploited. To preserve a DM frequency characteristic of OTA-C filter, each original capacitance C k0 in its topology must be decreased by the OTA input capacitance, which means that the new capacitances become C k = C ko − C c , k = 1, 2, . . .. In such a modified filter, DM frequency characteristics remain unchanged, because the additional capacitors C c are connected to the virtual ground (the common sources) and as a result they add up to the filter capacitances. The only change in the filter operation is a small reduction of the effective capacitance for CM, which may slightly modify the stability conditions for the commonmode feedback (CMFB) circuits.
Application of the CMRR improvement technique to other OTA configurations.
The proposed CMRR improvement technique can be applied to any type of OTA based on a differential pair, as for example, the source degenerated [1] or the cross-coupled [11, 14] structures, presented in Figs. 5 and 6. In the case of the circuit in Fig. 5 , each differential pair must be compensated by the individual capacitors C c1 and C c2 , properly adjusted to different dimensions of transistors M 1 and M 2 according to (5) . The circuit in Fig. 6 requires only C c1 due to the fact that both differential pairs are in parallel for AC signals.
In order to investigate the effectiveness of the proposed improvement technique, the CMRR characteristics for selected OTAs were simulated assuming the input offset voltage v G1 −v G2 = 3 mV, and ∆C gd /C gd = 0.1% for the transistors Technique to improve CMRR at high frequencies in CMOS OTA-C filters in the differential pairs. The results are plotted in Fig. 7 , for the compensated and uncompensated (C c = 0 , C c1,2 = 0) variants of OTA. The characteristics labelled C refer to the basic differential pair (Fig. 1) , whereas those labelled A and B refer to the circuits in Figs. 5 and 6, respectively. As shown in Fig. 7 , the frequency of zero ω z is increased: from 8.8 MHz to 187 MHz for the basic differential pair, from 16.6 MHz to 97 MHz for OTA in Fig. 5 , and from 11.7 MHz to 87 MHz for OTA in Fig. 6 . All the simulations were curried out for the nominal compensation capacitances, calculated based on (5), and TM technology corner. The greatest improvement (over 20 times) is obtained for the basic pair, whereas for the linearized OTAs the improvement is limited to a factor of 7.4 times, in the worst case. As explained in Subsec. 2.1, the limitation in CMRR improvement for the linearized OTAs is caused by the ∆C gd /C gd mismatch, which for these circuits cumulates from two differential pairs. The summary of parameters of the simulated OTAs is listed in Table 3 . The influence of a technology variation is illustrated in Fig. 8 , where TM, WP, and WS corners are compared for circuit in Figure 9 presents the influence of tolerance of the compensation capacitors for the TM corner. As a reference, the characteristic for the uncompensated (C C = 0) differential pair is depicted. The other plots correspond to: 
Application of tuning to the CMRR improvement.
The degree of the CMRR improvement can be significantly increased by applying tuning of η to actual value of the capacitances ratio C s /C i . Such a tuning can also compensate change of η due to a technology variation, as discussed in Subsec. 2.2. To explain the principle of operation of the proposed tuning technique let us evaluate the phase shift ϕ(ω) between the CM input voltage V cm (ω), and the source voltage V s (ω) = −V bs (ω) define by (2a), which equals to
The last component in (7) was derived assuming that ω < ω p . As indicated by (7) the condition (5) will be automatically fulfilled if the phase shift ϕ(ω) is nullified. Thus, the tuning system can be accomplished using the master-slave topology [15, 16] presented in Fig. 10 . In this system the master OTA is tuned according to the principle (7), using the phase detector which controls the body voltage V B . Due to all the slave OTAs in a filter are tuned by the same voltage, they will be also tuned to the optimal working conditions. 
Simulation results
To verify the effectiveness of the improvement technique and operation of the automating tuning, the second order lowpass OTA-C filter, presented in Fig. 11 (g mA = 100 µS, C A = 9 pF, C B = 4.5 pF), has been simulated. The OTA shown in Fig. 5 is applied in this filter. The CMRR frequency characteristics were determined for TM, WP, and WS technology corners. The input offset voltage of 3 mV and the capacitance mismatch ∆C gd /C gd = 0.05% are set for all OTAs in the filter. The tuning circuit presented in Fig. 10 is used to automatically adjust V B . As the results of simulations, depicted in Fig. 12 show, the CMRR frequency characteristics are almost flat in the frequency range of up to 200 MHz. The tuning circuit is able to compensate for the technology variation, which results in only 5 dB degradation of CMRR for the WP corner. Fig. 11 . OTA-C low-pass filter used in simulations Fig. 12 . Comparison of CMRR characteristics of the filter in Fig. 11 The characteristic for the uncompensated OTA (C C1,2 = 0) is also shown for reference. The filter with the compensated OTA reveals about 10 dB better CMRR at 100 MHz, and over 20 dB improvement at 200 MHz.
Conclusions
The presented technique for CMRR improvement is simple and applicable to most OTA-C filters, requiring only slight modification of the filter structures. The technique uses capacitive compensation which is different than used so far [11] , because it directly compensates the dominant zero in the characteristic of a differential output current for the CM input signal. The previously known techniques are based on neutralization of a feedforward path via C gd capacitances [11] for DM, which does not effect the CMRR frequency characteristic. The presented analysis and simulation results show that even in the simplest variant of the technique, with no tuning circuit, it broadens the CMRR bandwidth several times under a CMOS process variation and the typical tolerance of circuit components.
